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Abstract 

Background and Purpose: Mild Parkinsonian signs (MPS) are common in older adults.  We 

hypothesized MPS are associated with lower functional connectivity in dopamine-dependent 

cortico-striatal networks, and these associations vary with white matter hyperintensity 

(WMH), a risk factor for MPS. 

https://doi.org/10.1111/jon.12949
https://doi.org/10.1111/jon.12949
https://doi.org/10.1111/jon.12949


 

 

 
This article is protected by copyright. All rights reserved. 

2 
 

Methods: We examined resting-state functional MRI in 266 participants (mean age 83; 57% 

female; 41% African American) with data on MPS (Unified Parkinson's Disease Rating 

Scale), demographics, cognition, muscle-skeletal and cardiometabolic health. Functional 

connectivity (FC) between cortex and striatum was examined separately for sensorimotor, 

executive, and limbic functional subregions. Logistic regression tested the association of FC 

in each network with MPS, adjusted for covariates. Interactions of FC by WMH were tested; 

and analyses were repeated stratified by WMH above/below the median.  

Results: Compared to those without MPS, those with MPS had lower cortico-striatal FC in 

the left executive network (adjusted odds ratio [95% confidence interval], p-value: 0.188 

[0.043, 0.824], 0.027). The interaction with WMH was p=0.064; left executive FC was 

inversely associated with MPS for high WMH (0.077 [0.010, 0.599], 0.014) but not low 

WMH participants (1.245 [0.128, 12.132], 0.850).  

Conclusions: MPS appear related to lower executive network FC, robust to adjustment for 

other risk factors, and stronger for those with higher burden of WMH. Future longitudinal 

studies should examine the interplay between cerebral small vessel disease and connectivity 

influencing MPS.  

Introduction 

Mild parkinsonian signs (MPS) in older adults have become the focus of intense study 

to determine whether they represent prodromal signs of other neurological diseases, including 

Parkinson’s disease (PD), or non-specific consequences of aging. If MPS were a prodromal 

stage of neurological diseases, it could have important implications for early identification of 

older adults at greater risk for neurodegenerative diseases. 
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However, few studies have characterized the neural substrates that distinguish 

individuals with compared to those without MPS in the absence of prototypical PD.   Prior 

neuroimaging studies have been limited to overt, somewhat advanced stages of structural 

abnormalities, including regional brain volumes,
1
 and white matter hyperintensity (WMH).

2
 

Integrity of the cortico-striatal dopaminergic network appears relevant as  we recently 

showed integrity of nigrostriatal nerve terminals was lower in older adults with MPS 

compared to those without in the absence of PD-specific PET binding changes and PD 

diagnosis.
3
  Postmortem studies of non-PD older adults with MPS suggest nigral cell losses, 

although mixed pathological findings were seen including beta-amyloid deposition and 

cerebral small vessel disease (cSVD).
4,5

 Neuroimaging markers of structural connectivity 

indicate an inverse relationship, with lower connectivity observed for those with MPS.
6–8

 

Although one of these studies suggested periventricular connectivity was most affected in the 

frontal lobe, other studies did not provide information on the spatial distribution of  

connectivity abnormalities related with MPS.
8
  Two neuroimaging studies of gray matter 

volumes found no associations between striatum and MPS,
9,10

 perhaps because volumetric 

measures only capture more advanced changes compared to functional markers.  

 

 Resting-state (RS) connectivity reflects the earliest detectable changes in brain 

parenchyma, prior to radiologically overt structural abnormalities.
11,12

 A recent study of RS 

and MPS found reduced intra-striatal connectivity but no significant association between 

cortico-striatal connectivity and MPS.
13

 Impaired RS is considered an early sign of 

neuropathological changes in several neurodegenerative conditions, including PD,
14–16

 

Alzheimer’s disease,
17–19

 Huntington’s disease,
20–22

 amyotrophic lateral sclerosis,
23

 and Lewy 

body dementia.
24

 Thus, RS alterations may have utility as early markers of these conditions. 
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Unlike other radiologically overt signs, lower RS is reversible and may respond to 

exercise interventions.
25,26

 Recent multimodal imaging combining  RS functional (f) MRI and 

18
F-DOPA-PET reveals that lower dopaminergic signaling in the striatum correlates with 

lower cortico-striatal functional connectivity (FC), suggesting that FC may respond to L-

DOPA administration.
27

 This is supported by pharmacological studies in PD patients whereby 

decreased cortico-striatal connectivity is partially restored after receiving L-DOPA.
28–31

 This 

suggests that strategies improving RS connectivity, like exercise and pharmacological 

interventions, may translate to improved motor performance. 

  Here, we characterized the RS connectivity between sensorimotor, executive, and 

limbic subregions of striatum and corresponding regions of cortex. We focus on these 

networks because they regulate sensorimotor, executive control,  and mood/motivation 

domains, which are critical for mobility control.
32

 We hypothesized MPS would be associated 

with lower connectivity in all networks, after controlling for locomotor risk factors and 

WMH burden, as WMH is a predictor of MPS,
2,3

 and related to lower connectivity.
33

   

Methods 

Participants 

Participants of the Health Aging and Body Composition Study were recruited from 

Pittsburgh, Pennsylvania and Memphis, Tennessee in 1997-1998 and were ages 70-79 when 

enrolled. Of participants who returned for an in-person visit in Pittsburgh in 2006-2008 (ages 

79-90), 325 were recruited for a MRI study if they met inclusion criteria: could walk without 

assistive devices, no hospitalization for major clinic events (physical or psychiatric) in the 

previous 3 months, no metal present in body, no claustrophobia, less than 250lbs, and had 

mobility measured at their last visit.
34

 Of the 325 participants, 314 completed 3T MRI; of 
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these, 42 were excluded due to incomplete scan data and 6 were excluded due to incomplete 

Unified Parkinson's Disease Rating Scale data, yielding n=266.  

Protocols were approved by the University of Pittsburgh institutional review board. 

Participants provided informed consent at each visit. 

Outcome 

Mild Parkinsonian Signs were determined via the Unified Parkinson's Disease Rating 

Scale Part III motor examination, which included subdomains of bradykinesia, tremor, 

rigidity, balance and gait disturbances. MPS was defined as either 1) two or more items with 

a score of one, indicating mild symptoms 2) one item with a score of at least two, indicating 

moderate to severe symptoms, or 3) rest tremor score of one without meeting diagnostic 

criteria for PD.
2
 Bradykinesia was considered present if slowing or hesitation was detected in 

either right or left extremities during finger tapping, fist clench, pronation-supination, toe or 

heel tapping. Gait and postural disturbances were considered present if an abnormality was 

detected for any of the following: rising from a chair with arms folded across the chest, 

postural stability test, posture, or gait. Tremor of the upper extremities was considered 

present if either facial or hand tremor was observed at rest or during an action.
10

 Few 

participants (12%) had tremor in this cohort hence this sign was not included in the 

analyses.
10

 Six participants met clinical diagnostic criteria for PD (asymmetry in distal limb 

bradykinesias associated with other cardinal motor domain features), were taking PD 

medications, or had an existing PD diagnosis. Sensitivity analyses are repeated excluding 

these six individuals. Subscores of bradykinesia and gait disturbance were also evaluated.
9,10
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Predictors 

 Selected demographic and physiological covariates are known to correlate with 

impairments of balance, gait, and other movement outcomes.
35

 To control for these factors 

when modeling the relationship between MPS and cortico-striatal connectivity, we included 

the variables described below. We also included cognitive and psychological measures that 

are sometimes correlated with MPS and health status. 

Age, gender, race, and education (no high school degree or General Educational 

Diploma, high school completion, post-secondary completion) were collected via self-report 

at study entry. Measures associated with mobility were collected at the time of scan, 

including: body mass index (kg/m
2
), quadriceps strength, via Kin-Com isokinetic 

dynamometer, musculoskeletal pain (self-report for presence/absence of any pain in any knee 

or hip or in the back), vision (six-point self-report scale of 1-excellent to 6-completely blind), 

proprioception was measured by vibratory stimulus on the toe during standard neurological 

exam.   

Cardiovascular and metabolic burden.  Diabetic status was determined by self-report 

of diabetes, medication use, fasting plasma glucose >126 mg/dL, or 2-hour post-challenge 

plasma glucose >200 mg/dL. Self-report and/or medication records were used to assess 

cerebrovascular diseases (including stroke and transient ischemic attack), congestive heart 

failure, or chronic obstructive pulmonary disease. Peripheral artery disease was based on 

ankle-brachial index below 0.9. A participant was considered hypertensive if they exhibited 

systolic blood pressure >140mmHg or diastolic pressure >90mmHg.  
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Cognitive and psychological measures included the Modified Mini-Mental State 

Examination (3MSE),
36

 the Center for Epidemiologic Studies Depression Scale Revised 10 

(CESD-10),
37

 and digit symbol substitution test (DSST). 

MRI Acquisition 

Scanning was conducted at the University of Pittsburgh, on a 3T Siemens Magnetom 

TIM Trio MRI scanner with a Siemens 12-channel head coil. Prior to scanning, participants 

were instructed to remain as still as possible; padding for head and neck reduced head 

motion. The following sequences were acquired: an axial, whole-brain T1-weighted structural 

Magnetization Prepared Rapid Acquisition Gradient Echo (MPRAGE) [Repetition Time 

(TR)=2300ms,  Echo Time (TE) =3.43ms, Flip Angle (FA) =9⁰, Field of View 

(FOV)=224x256, 1mm
3
 isotropic resolution, no acceleration]; an axial, whole-brain T2-

weighted Fluid-attenuated inversion recovery (FLAIR) volume (TR=9160ms, TE=90ms, 

FA=150⁰, FOV=212x156, 1x1x3mm resolution, 3mm gap between slices, no acceleration); 

and a 5-minute echo-planar imaging sequence (TR=2000ms, TE=34ms, FA=90⁰, 

FOV=128x128, 2x2x3mm resolution) to assess RS blood-oxygen level dependent response. 

During scanning, there was no fixation cross or other presented stimuli. 

Image Processing 

Image processing was conducted using Matlab R2104a (MathWorks, Inc., Natick, 

MA), SPM12 (Wellcome Center for Human Neuroimaging, London, UK), and FSL6.00 

(Functional Magnetic Resonance Imaging of the Brain Analysis Group, Oxford, UK). We 

used SPM for each participant: the FLAIR volume was coregistered to the MPRAGE (12-

DOF search, normalized mutual information cost function), and then MPRAGE and FLAIR 

volumes were segmented into air, soft tissue, skull, cerebrospinal fluid (CSF), gray and white 

matter (GM, WM). Default segmentation parameters were used except the number of WM 
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Gaussians was set to two to avoid excluding WMH voxels. Brain masks were defined as the 

union of the CSF, WM, GM segmentation maps after thresholding at 0.1 probability, 

followed by image filling and closing using Matlab. MPRAGE volumes were warped into 

Montreal Neurological Institute space using FMRIB's Nonlinear Image Registration Tool 

(FNIRT) in FSL.  

WMH were identified from FLAIR volumes using a procedure that identifies seeds 

above a specified standard deviation of intensity and uses fuzzy connectedness to grow the 

seeds.
38

 Following segmentation, a trained analyst confirmed WMH maps. Figure 1 illustrates 

the fuzzy connectedness algorithm applied to one participant’s T2-FLAIR data. WMH 

volume (normalized to total brain volume) was grouped into high and low based on the 

median split. 

Slice-timing and motion correction for RS data was performed in SPM (6-DOF 

search, mutual information cost function) and images were smoothed with an 8mm FWHM 

kernel. Skull-stripping was conducted using FSL’s Brain Extraction Tool. Skull-stripped RS 

volumes were aligned to anatomical volumes using the FMRIB's Linear Image Registration 

Tool with boundary-based registration. 

Cortical regions-of-interest (ROIs) were obtained from the Multimodal Parcellation 

atlas,
39

 using a volumetric projection of the surface parcellation 

(https://identifiers.org/neurovault.image:24150), and then  categorized as sensorimotor, 

executive control function (ECF), and limbic regions. Sensorimotor ROIs were Brodmann 

areas 1, 2, 3a, 3b, 4, 6v, frontal eye fields, premotor eye fields, and supplementary and 

cingulate eye fields. ECF ROIs were Brodmann areas 46, 9-46d, a9-46v, and p9-46v. Limbic 

ROIs were Brodmann areas a24 and s32, orbital frontal cortex (OFC), and posterior OFC. 

Striatal ROIs were obtained from the Oxford-GSK-Imanova Striatal Connectivity atlas,
40

 

https://identifiers.org/neurovault.image:24150
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which divides striatum into sensorimotor, executive, and limbic regions. Because striatal 

outputs feed back to cortex via thalamocortical fibers, we consider the thalamus, obtained 

from the CIC atlas.
41

 We consider left and right hemispheres separately.  

Prior to connectivity analysis, all ROIs were warped into participant native space 

using inverse deformation fields from FNIRT. RS time courses were extracted from all ROI 

voxels, with first five TRs discarded to account for drift. To address scanner, motion, and 

physiological noise, we regressed out motion parameters, mean WM signal, mean CSF 

signal, the first five eigenvariates (accounting for approximately 90% of the variance) of WM 

signal after subtracting the mean, and the first five eigenvariates of CSF signal after 

subtracting the mean. 

The relationship between connectivity and MPS was evaluated two ways. At a super-

regional level, we examined whole-network cortico-striatal connectivity and tested its 

association with MPS status. This allowed us to look for network-wide relationships with 

MPS. At the ROI level, we computed the correlation between each cortical ROI with the 

corresponding striatal ROI and tested whether these correlations were stronger for those 

without compared to those with MPS status. This provided a better spatial resolution, at the 

level of individual ROIs.  

In the super-regional approach, mean signal from each cortical network was 

correlated with mean signal from the corresponding striatal region. E.g., to compute left 

sensorimotor cortico-striatal correlation, mean signal from all left hemisphere sensorimotor 

cortical voxels was correlated with mean signal of left hemisphere sensorimotor striatal 

voxels. This Pearson correlation was Fisher Z-transformed for subsequent statistical analysis. 

To compute striatal-thalamic connectivity, we obtained the Pearson correlations for 

sensorimotor striatum and thalamus, executive striatum and thalamus, and limbic striatum 
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and thalamus; these values were Fisher Z-transformed and averaged to give mean striatal-

thalamic FC.  

In the ROI-by-ROI analysis, we evaluated the pairwise Pearson correlations between 

cortical ROIs, and corresponding striatal ROIs. E.g., to compute the connectivity between 

right Brodmann area 1 and right sensorimotor striatum, we took the mean signal of all voxels 

in right Brodmann area 1 and correlated it with the mean signal of all voxel in right 

sensorimotor striatum. These correlations were Fisher Z-transformed for subsequent 

statistical analysis.  

Statistical Analysis 

Bivariate associations of participants’ characteristics with MPS, bradykinesia and gait 

disturbances were examined using independent t-tests for continuous variables or chi-square 

t-tests for categorical variables. 

Logistic regression models examined whether RS connectivity of each network 

predicted MPS, bradykinesia, or gait disturbances. Models were built in three steps to address 

confounding and prevent overfitting: 1) adjusted for age; 2) from Step 1, sex, race, 

musculoskeletal pain, quadriceps strength, congestive heart failure, diabetes, peripheral 

arterial disease, pulmonary diseases/conditions, cardiovascular diseases were entered with 

forward stepwise conditional approach; 3) from Step 2, further adjusted for WMH burden. 

Subsequently, the interaction of FC by WMH was tested. Analyses were repeated stratified 

by WMH. Logistic regression models also examined whether pairwise RS connectivity for 

each cortico-striatal connection predicted MPS after adjusting for age. Analyses were 

completed in SAS9.4 (SAS Institute, Cary, NC) with two-tailed significance set at p<0.05. 
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As this is the first study examining these associations, and given that our analyses 

relied on ROIs identified a priori (via literature review to assess biological plausibility), we 

were more concerned with erroneously ruling out potential findings than with false 

positives.
42

 Accordingly, we did not use multiple comparison correction. 

Results 

Participant age ranged from 79-90 years (mean 83 years) at the time of MRI. 

Participants were 41.3% Black (the remainder of this sample were White). 84.9% of 

participants had completed at least high school education. Of the n=266 participants in the 

sample, n=117 were classified as having MPS. Compared to those without MPS, those with 

MPS (Table 1) walked more slowly, had lower DSST score, were more likely to have joint 

pain, and had higher WMH volume (all p<0.05). Associations were similar for subscores of 

bradykinesia and gait disturbances; those with bradykinesia also had significantly lower 

3MSE scores (age-adjusted p=0.039) and significantly lower CES-D (age-adjusted 

p=0.0032). For full summary, see Table 2. 

Averaged across all participants, cortico-striatal FC varied by network, being highest 

for the limbic network and lowest for the sensorimotor network; trends were similar for both 

hemispheres and both MPS groups. WMH volume was inversely associated with RS 

connectivity in the cortico-striatal executive network (right: r=-0.045, p=0.0207; left: r=-

0.046, p= 0.0323); associations with the sensorimotor or limbic networks were not 

statistically significant (p>0.05).  Sensorimotor, ECF, and limbic networks showed high 

connectivity between regions within networks (Figure 2a, red, green, and blue lines) 

Substantial internetwork connections were present between ECF cortex and sensorimotor 

cortex (Figure 2a, black lines). 
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In our super-regional approach, MPS was associated with cortico-striatal RS 

connectivity in the executive network, but not sensorimotor or limbic networks. The MPS-

related executive difference appeared more pronounced in the left (5%, p=0.022) than the 

right hemisphere (3%, p=0.098); associations with bradykinesia showed a similar pattern 

(left:  7%, p=0.003; right: 3%, p=0.11). 

In our ROI-by-ROI analysis, MPS was significantly associated with cortico-striatal 

RS connectivity within ROIs the left executive network (Brodmann areas 46, p=0.034 and 9-

46d, p=0.030) consistent with the super-regional approach (Figure 2b). In addition to these 

left ECF connections, two connections were significantly associated MPS. Cortico-striatal 

connectivity of a right ECF network ROI, a9-46v (p=0.040), may drive the nonsignificant 

right ECF trend found in the super-regional approach. Additionally, cortico-striatal 

connectivity of a lone sensorimotor region, right 6v (p=0.035), is associated with MPS.  

Results of ROI-by-ROI analysis are consistent with the super-regional analysis, finding that 

cortico-striatal connections within ECF (predominantly in the left hemisphere) are associated 

with MPS. 

The association of MPS with left executive network FC remained significant in 

multivariable models adjusted for covariates, but not after additional adjustment for WMH 

burden (Table 3 and Figure 3a).  In logistic regression models predicting bradykinesia, 

associations were significant after adjustment for covariates and for WMH burden (Table 3 

and Figure 3b). Interaction of WMH by RS connectivity in the executive network was 

p=0.064 for models predicting MPS and p=0.060 for models predicting bradykinesia.  In 

models stratified by median WMH burden, association between connectivity and MPS was 

significant for those with high but not low WMH burden (Table 4 and Figure 3c). Results 
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were similar for bradykinesia (Table 4 and Figure 3d).  Results were similar in sensitivity 

analyses excluding the 6 participants with potential prodromal PD (not shown). 

Discussion 

In these community-dwelling older adults, those with MPS had significantly lower 

cortico-striatal FC in the executive network than those without MPS. While this association 

was robust to adjustment for locomotor factors, it appeared significant only for those with 

high WMH burden, an indicator of cSVD.   

A common finding in aging adults without neurologically overt disease is a decrease 

in FC over time, especially in the default mode network.
43

 Higher regional connectivity often 

correlates with higher performance across cognitive,
44

 and motor domains.
45

 Thus, higher FC 

– due to higher initial connectivity or compensatory increases in connectivity – may be 

protective against age-related declines in performance.  We observed a negative association 

between executive FC and MPS status in participants with high but not low WMH burden, 

suggesting that this protective effect may be more pronounced for those with cSVD, another 

source of impaired motor control.  

Our finding of lower RS connectivity in the presence of MPS is novel. Most previous 

neuroimaging studies of MPS have focused on dopamine binding quantification, volumetric 

analysis, and WMH quantification.
2,3

 Collectively, these studies show MPS is associated with 

reduced white matter tract integrity in fronto-striatal areas (e.g., due to WMH) and reduced 

dopaminergic signaling. It is possible that even early stages of structural abnormalities and/or 

reduced dopaminergic signaling would cause lower FC. Obtaining serial PET, structural and 

functional imaging can help address the evolution of the pathophysiology underlying reduced 

RS connectivity. 
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The causes of lower FC in aging are only partially understood;
46

 even less is known 

about the drivers of reduced FC in MPS.  For example, it may be that Parkinson’s pathology 

is present in these individuals and compromises RS connectivity.  Studies of FC in PD show 

patterns of associations that are similar, but not identical, to those of our study.  A meta-

analysis of early-stage PD studies reveals lower connectivity between putamen and cortex in 

PD patients relative to controls.
14

  PD-specific motor deficits correlate with lower 

connectivity in fronto-striatal,
29,47,48

 and default mode networks.
49

  About 2% of participants 

(n=6) received a PD diagnosis via retrospective assessment of medical history; this 

proportion is similar to that observed in other studies,
50

 and our results were similar after 

excluding these participants. Although it cannot be completely ruled out, Parkinson-related 

pathology appears unlikely to have driven these results.  MPS may reflect more general aging 

processes than PD-specific pathology. 

In this cohort, MPS also appears to differ from PD in that there is no significant sex-

related difference in MPS prevalence (Table 1). Conversely, there is significantly higher PD 

prevalence in men.
51

 This is also consistent with a non-sex-specific general aging process 

explaining MPS, rather than PD pathology. 

Importantly, unlike WMH, FC is amenable to behavioral and pharmacological 

interventions that increase connectivity. Increased physical activity is a promising 

intervention that can influence RS. In animal studies where chemical lesioning of 

dopaminergic neurons induces Parkinsonian symptoms, exercise partially restores FC and 

improves motor performance.
25

 In an exercise study of PD patients, exercise intensity 

correlated with thalamocortical connectivity in primary motor cortex (another segment of the 

cortical-striatal-thalamic-cortical loop).
26

 High intensity exercise is also associated with 

improved connectivity of substantia nigra and prefrontal cortex, which in turn led to 
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increased quality of life scores in an exercise study of PD.
52

 Together, these findings and our 

results suggest that FC may be a viable therapeutic target that may improve MPS. 

It is important to note the limitations of our current study.  Due to MRI exclusion 

criteria and self-selection bias, participants in imaging studies may be healthier and more 

educated than the populations from which they are drawn.
53

 The fMRI protocol used in the 

Healthy Brain Project excluded coverage of the cerebellum; we could not evaluate whether 

RS abnormalities in cerebellar connectivity were also present in our MPS group. This 

protocol did not include fieldmaps, and uncorrected distortions may lead to false negatives in 

anterio-ventral limbic ROIs. The RS protocol was five minutes; subsequent studies have 

suggested longer RS scans can improve reliability of network inference.
54

 While longer times 

can yield more precise network correlations, and can improve reliability of network 

inference, it has been shown that the accuracy of network identification becomes stable at 

around 6 minutes.
54–56

 In other words, longer scan times could have reduced noise in our 

connections and increased our statistical power; this might reveal additional significant 

associations, but we would still expect findings consistent with our results of associations 

between cortico-striatal network connection values and MPS status. Our sample size was 

relatively small, which could lead to imprecise estimates of our effect sizes, and our sample 

was cross-sectional. While increased FC appears protective against MPS, we are unable to 

determine whether this increase develops in response to cSVD (compensation) or whether it 

stems from higher initial connectivity (higher reserve). Though we use FC as a possible 

marker of dopaminergic signaling, we do not have direct measurements of dopamine via 

PET. 

If replicated, our results could motivate studies investigating protective effects of 

higher initial FC against the influence of WMH on MPS over time. Adding dopamine nerve 
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terminal PET or SPECT imaging would allow direct examination of the relationship between 

cortico-striatal FC and levels of dopaminergic signaling in the striatum, allowing dissection 

of the relative contributions of dopaminergic signaling and cSVD to MPS. Longitudinal 

studies of cSVD-FC interaction would provide two advantages: they would clarify whether 

protective FC is compensatory or present due to greater reserve and they would allow 

interventions to be administered, and their effects on MPS characterized. 

In conclusion, community-dwelling older adults with MPS had significantly lower 

cortico-striatal FC in the executive network when compared to those without MPS. This 

association was strongest in participants with high WMH burden. Future work should address 

the possible protective relationship of high cortico-striatal executive connectivity against 

cSVD-related MPS. 
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Table 1. Demographics and health characteristics for cohort and stratified by presence/absence of any 

Parkinsonian sign, bradykinesia, and gait disturbances  

 All cohort  
Parkinsonian Signs  Bradykinesia  Gait disturbances 

Absent Present Absent Present Absent Present 

Number  (%) 266 149 

(56.02) 

117 

(43.98) 

202 

(75.94) 

64 (24.06) 199 

(74.81) 

67 

(25.19) 

D
em

o
g

ra
p
h

ic
 

Age, yrs 83.00±2.7

9 

82.59±2.5

5 

83.52±3.0

0 

82.79±2.7

7 

83.65±2.7

8 

82.65±2.5

3 

84.03±3.2

7 Women, N 

(%) 

150 

(56.82) 

83 (55.70) 67 (58.26) 114 

(56.44) 

36 (58.06) 111 

(55.78) 

39 (60.00) 

Black, N 

(%) 

109 

(41.29) 

59 (39.60) 50 (43.48) 82 (40.59) 27 (43.55) 82 (41.21) 27 (41.54) 

Education≥ 

HS, N (%) 

225 

(84.91) 

129 

(87.16) 

96 (82.05) 170 

(84.58) 

55 (85.94) 170 

(85.86) 

55 (82.09) 

O
v

er
al

l 
fu

n
ct

io
n

 

Modified 

Minimental 

93.10±6.6

0 

93.87±6.3

4 

92.12±6.8

2 

93.64±6.3

5 

91.42±7.1

1 

93.49±6.3

2 

91.96±7.2

8 Digit 

Symbol 

Substitution 

Test, mean 

(SD)   

36.90±13.

653 

39.74±12.

72 

33.26±13.

71 

38.13±13.

50 

33.08±12.

97 

38.82±13.

03 

31.18±13.

45 CES-D 6.83±6.23 6.16±5.48 7.67±7.00 6.17±5.90 8.88±6.83 6.43±5.97 7.99±6.86 

BL gait 

speed  

0.90±0.19 0.94±0.17 0.852±0.2

04 

0.917±0.1

83 

0.845±0.1

94 

0.928±0.1

78 

0.814±0.1

91 Musculoskel

etal Pain, 

present/abse

nt, N (%) 

81 (30.45) 31 (20.81) 50 (42.74) 52 (25.74) 29 (45.31) 50 (25.13) 31 (46.27) 

BL BMI 27.51±4.51 27.16±4.01 27.96±5.08 27.35±4.29 28.02±5.19 27.34±4.23 28.05±5.32 

Quadriceps 

muscle 

strength 

81.29±29.8

8 

84.06±29.9

8 

77.62±29.4

8 

82.72±29.0

2 

76.32±32.4

9 

83.18±29.5

0 

75.27±30.5

2 

V
as

cu
la

r 
ri

sk
 f

ac
to

rs
  

an
d

 c
o
n

d
it

io
n

s 

Systolic 

blood 

pressure, 

mmHG 

134.86±1

9.46 

133.24±1

8.26 

136.92±20

.79 

133.71±1

8.06 

138.44±23

.10 

134.17±1

9.83 

136.87±18

.35 Diabetes , N  

(%) 

31 (11.74) 15 (10.07) 16 (13.91) 25 (12.38) 6 (9.68) 21 (10.55) 10 (15.38) 

Cerebrovasc

ular disease, 

N (%) 

10 (3.79) 5 (3.36) 5 (4.35) 5 (2.48) 5 (8.06) 9 (4.52) 1 (1.54) 

Peripheral 

arterial 

disease, N 

(%) 

6 (2.27) 2 (1.34) 4 (3.48) 5 (2.48) 1 (1.61) 5 (2.51) 1 (1.54) 

Chronic 

obstructive 

and 

pulmonary 

disease , N 

21 (9.17) 11 (8.21) 10 (10.53) 20 (11.24) 1 (1.96) 13 (7.60) 8 (13.79) 
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Congestive 

Heart 

Failure, N 

(%) 

0 0 0 0 0 0 0 
B

ra
in

  

M
R

I 
High WMH 

volume, N 

(%) 

132 (50) 61 (41.50) 71 (60.68) 91 (45.50) 41 (64.06) 91 (46.19) 41 (61.19) 

Gray Matter 

volume^,m

m
3 

normalized 

by 

intracranial 

volume 

0.383±0.0

248 

0.386±0.0

219 

0.378±0.

028 

0.385±0.0

23 

0.375±0.

027 

0.385±0.0

23 

0.375±0.

027 

 

N: number; HS: high school; CES-D: Center for Epidemiologic Studies Depression Scale ;BL: baseline; BMI: 

body mass index; HS: high school; ^ normalized by volume of total brain X100; All data represent 

mean±standard deviation unless otherwise indicated 

Table 2. Associations of demographics and health characteristics with RS connectivity. Age-adjusted 

correlations and mean differences are reported for continuous and categorical variables, respectively 

 RS Connectivity Between:  

 

Striatum and 

thalamus  

Sensorimotor 

striatum, and 

sensorimotor 

cortex 

 

Limbic Striatum, 

and  

Limbic cortex 

 

ECF striatum, and  

ECF cortex 

 

Right  Left  Right  Left  Right  Left  Right  Left  

D
em

o
g

ra
p
h

ic
 

Age -- -- -- -- -- -- -- -- 

Women vs. Men 0.003 0.005 -0.019 0.0002 0.078* 0.055* 0.013 -0.015 

Black vs. White -0.013 -0.012 -0.033 -0.011 0.017 -0.024 -0.007 -0.056* 

Education≥ HS vs. 

all other levels 

0.016 0.005 0.030 0.018 -0.029 -0.039 -

0.059* 

-0.013 

O
v

er
al

l 
fu

n
ct

io
n

 

Modified 

Minimental 

0.002 0.087 0.034 0.021 0.007 0.038 -0.029 0.070 

Digit Symbol 

Substitution Test 

0.051 0.040 0.073 0.042 0.022 -0.015 -0.020 0.041 

CES-D -0.005 0.181* 0.006 -0.030 -0.051 0.042 0.000 0.017 



 

 

 
This article is protected by copyright. All rights reserved. 

24 
 

BL gait speed 0.100 0.018 -0.023 0.027 0.013 0.062 -0.078 -0.010 

Musculoskeletal 

Pain 

-0.009 -0.023 0.005 0.020 -0.025 -

0.060* 

-0.007 -0.024 

BL BMI 0.180* 0.155* 0.101 -

0.119 

-0.004 0.049 0.064 0.010 

Quadriceps muscle 

strength 

-0.029 -0.063 0.036 -

0.060 

-0.099 -0.055 0.008 0.009 

V
as

cu
la

r 
ri

sk
 f

ac
to

rs
  

an
d

 c
o
n

d
it

io
n

s 

Systolic blood 

pressure 

0.020 -0.019 -0.127 -0.020 -

0.158* 

-0.087 -0.179 -0.183 

Diabetes 0.008 0.033 0.041 -0.007 -0.012 -0.051 0.002 -0.021 

Cardiovascular 

disease 

-

0.075* 

-0.039 -0.007 -0.016 0.033 0.127* 0.041 0.027 

Peripheral arterial 

disease 

0.006 -0.028 -0.034 -0.075 0.031 0.094 0.069 0.114 

Chronic obstructive 

and pulmonary 

disease 

0.002 -

0.055* 

0.007 0.060 -0.001 -0.047 -0.009 0.050 

Congestive Heart 

Failure 

-- -- -- -- -- -- -- -- 

B
ra

in
 

 M
R

I 

High WMH volume -

0.038* 

-0.022 -0.007 -

0.042* 

-0.031 -0.038 -

0.045* 

-0.046* 

Gray Matter 

volume^ 

0.026 0.009 -

0.135* 

-

0.045 

-0.007 0.093 0.110 0.093 

 

RS: resting-state; ECF: executive control function; HS: high school; CES-D: Center for Epidemiologic Studies 

Depression Scale; BL: baseline; BMI: body mass index; HS: high school; WMH: white matter hyperintensity; ^ 

normalized by volume of total brain X100; * age-adjusted p-value of comparison is <0.05. 
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Table 3. Logistic regression models with RS connectivity of the left executive network as the main independent 

variable and presence/absence of Parkinsonian signs or bradykinesia, as dependent variables in separate models 

 Model 1 

 Adjusted for Age 

Model 2:  

further adjusted for 

covariates^ 

Model 3: 

Model 2 further adjusted 

for WMH  

Outcome: Parkinsonian 

signs  

OR (95 % CI), p-value 

RS connectivity of the left 

executive network 

0.188 (0.043, 0.824), 

0.0267 

0.162 (0.030, 0.874), 

0.0343 

0.219 (0.040, 1.199), 

0.0800 

Outcome: Bradykinesia OR (95 % CI), p-value 

 RS connectivity of the 

left executive network 

0.080 (0.014, 0.461), 

0.0047 

 

0.061 (0.008, 0.465), 

0.0070 

0.077 (0.010, 0.604), 

0.0147 

 

RS: resting-state; OR: odds ratio; CI: confidence interval; WMH: white matter hyperintensities;  ^variable entered 

in the model with forward stepwise conditional approach, to address overfitting: sex, race, musculoskeletal pain, 

quadriceps strength, gait speed, congestive heart failure, diabetes, peripheral arterial disease, pulmonary 

diseases/conditions, cerebrovascular diseases  



 

 

 
This article is protected by copyright. All rights reserved. 

26 
 

Table 4. Logistic regression models with RS connectivity of the left executive network as the main independent 

variable and presence/absence of Parkinsonian signs stratified by WMH volume above/below the median. All 

models adjusted for age.  

 High WMH Low WMH 

Outcome: Parkinsonian signs  OR (95 % CI), p-value 

RS connectivity of the left executive 

network 

0.077 (0.010, 0.599), 0.0143 1.245 (0.128, 12.132), 0.8503 

Outcome: bradykinesia OR (95 % CI), p-value 

 RS connectivity of the left 

executive network 

0.028 (0.003, 0.302), 0.0032 0.914 (0.053, 15.706), 0.9509 

 

RS: resting-state; OR: odds ratio; CI: confidence interval; WMH: white matter hyperintensities 

 

 

Figure 1: White matter hyperintensity segmentation by fuzzy connectedness algorithm 

The top row shows five axial slices of T2-FLAIR data from one participant with white matter 

hyperintensities (WMH). The second row shows the same five axial slices overlaid by the 

WMH segmentation (cyan) obtained from the fuzzy connectedness algorithm of Wu et al.
38
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Figure 2: Global functional connectivity map and cortico-striatal association with mild 

Parkinsonian signs 

Connectogram (A) shows the region-to-region pairwise connectivity within the sensorimotor 

(red region), executive (green region), and limbic (blue region) networks, averaged across 

participants. Subcortical regions of interest are denoted by the gray region. The threshold for 

the inclusion of an edge is the median pairwise correlation value. Intranetwork connections 

for sensorimotor (red), executive (green), and limbic (blue) are denoted by arcs within the 

connectogram. Internetwork connections are denoted by black arcs. Connectogram (B) 

illustrates pairwise cortico-striatal connections that are significantly correlated with mild 

Parkinsonian signs. Values listed correspond to logistic regression beta values for each edge 

with mild Parkinsonian signs after adjusting for age. R, Right; L, Left; OFC, orbital frontal 

cortex; pOFC, posterior OFC; FEF, frontal eye fields; PEF, premotor eye fields; SCEF, 

supplementary and cingulate eye fields. 
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Figure 3: Odds ratios for logistic regression of left ECF connectivity and clinical status. 

(A) illustrates the odds ratios (ORs) for three logistic regression models relating left 

executive control function (ECF) cortico-striatal connectivity to mild Parkinsonian signs 

(MPS): Model 1 is adjusted for age, Model 2 is further adjusted for covariates (see Table 3 

for details), and Model 3 is further adjusted for white matter hyperintensity (WMH) burden. 

(B) illustrates the ORs for three logistic regression models relating left ECF cortico-striatal 

connectivity to bradykinesia; Models are adjusted as in (A). (C) illustrates the ORs for 

logistic regression models relating left ECF cortico-striatal connectivity to MPS, stratified by 

WMH burden and adjusted for age. (D) illustrates the ORs for logistic regression models 

relating left ECF cortico-striatal connectivity to bradykinesia, stratified by WMH burden and 

adjusted for age. 

 


